1. Introduction {#sec1-molecules-23-01471}
===============

Despite their complexity and diversity, oncologic diseases are mainly characterized by the abnormal growth of cells which can gain the potential to invade tissues and disseminate (metastasize) to distant locations in the body \[[@B1-molecules-23-01471],[@B2-molecules-23-01471]\]. According to the U.S. National Cancer Institute, and despite encouraging indicators \[[@B3-molecules-23-01471]\], the number of deaths caused by cancer is expected to increase to 22 million in the next two decades \[[@B4-molecules-23-01471]\], which justifies the current pursuit of new treatments.

The discovery of *cis*-diamminedichloroplatinum (II) (commonly abbreviated as DDP, cisplatin or *cis*Pt) anticancer properties by Rosenberg et al. \[[@B5-molecules-23-01471]\] in 1965, as well as its approval by Food and Drug Administration (FDA) to clinical use in 1978, has triggered the investigation of metal complexes as anticancer chemotherapeutic agents \[[@B6-molecules-23-01471],[@B7-molecules-23-01471]\]. Cisplatin and its second and third-generation platinum drug analogues, *cis*-diammine(1,1-cyclobutanedicarboxylato)platinum(II) (carboplatin) and \[(1*R*,2*R*)-cyclohexane-1,2-diamine\](ethanedioato-*O*,*O*′)platinum(II) (oxaliplatin), respectively, are the only metal complexes currently used in chemotherapeutic regimes of patients with cancer, being employed alone or in combination with other drugs \[[@B8-molecules-23-01471],[@B9-molecules-23-01471],[@B10-molecules-23-01471],[@B11-molecules-23-01471],[@B12-molecules-23-01471],[@B13-molecules-23-01471],[@B14-molecules-23-01471],[@B15-molecules-23-01471]\]. However, the administration of these platinum-based drugs has been limited due to their substantial adverse side effects (e.g., neurotoxicity) \[[@B16-molecules-23-01471],[@B17-molecules-23-01471],[@B18-molecules-23-01471],[@B19-molecules-23-01471],[@B20-molecules-23-01471]\], incapacity to prevent cancer relapse \[[@B20-molecules-23-01471],[@B21-molecules-23-01471]\], and development of intrinsic or acquired resistance by several types of cancer \[[@B16-molecules-23-01471],[@B22-molecules-23-01471],[@B23-molecules-23-01471],[@B24-molecules-23-01471],[@B25-molecules-23-01471],[@B26-molecules-23-01471]\]. For these reasons, efforts have been made to develop non-platinum metallodrugs with the same objective \[[@B6-molecules-23-01471],[@B7-molecules-23-01471],[@B8-molecules-23-01471],[@B9-molecules-23-01471],[@B10-molecules-23-01471],[@B11-molecules-23-01471],[@B13-molecules-23-01471],[@B14-molecules-23-01471],[@B16-molecules-23-01471],[@B23-molecules-23-01471],[@B27-molecules-23-01471],[@B28-molecules-23-01471],[@B29-molecules-23-01471]\].

Among several metallodrugs that have been explored as anticancer agents, ruthenium compounds have emerged in recent years as promising candidates \[[@B27-molecules-23-01471],[@B28-molecules-23-01471],[@B29-molecules-23-01471],[@B30-molecules-23-01471],[@B31-molecules-23-01471]\]. Some relevant characteristics of ruthenium compounds that have sparked the attention for their application include: (i) the diversity of oxidation states accessible in physiological medium, namely Ru(II), Ru(III) and Ru(IV) \[[@B30-molecules-23-01471]\]; (ii) the slow ligand-exchange kinetics, which can be adjusted by the variation of the nature of the ligands coordinated to the metal \[[@B32-molecules-23-01471],[@B33-molecules-23-01471]\], and (iii) the reduced systemic toxicity. This last property has been associated with the ability of ruthenium to mimic iron in binding several biological molecules, like transferrin and albumin. Thereafter, because cancer cells possess a high number of transferrin receptors on their surface, theoretically, a high level of ruthenium complexes will be delivered preferentially to these cells by transferrin \[[@B30-molecules-23-01471],[@B34-molecules-23-01471],[@B35-molecules-23-01471]\]. Furthermore, it is believed that the inert Ru(III) complexes can be activated to the corresponding cytotoxic forms of Ru(II) in the tumors that possess a reducing environment and, consequently, present a higher selectivity to cancer cells \[[@B36-molecules-23-01471]\].

Many families of ruthenium complexes have been studied against several different types of cancer \[[@B28-molecules-23-01471],[@B37-molecules-23-01471],[@B38-molecules-23-01471]\]. Specifically, the Ru(III) complexes have shown promising results in clinical trials against solid tumors. For example, the imidazolium *trans*-\[tetrachlorido(1*H*-imidazole)(*S*-dimethyl sulfoxide)ruthenate(III)\] (NAMI-A, an acronym for New Anti-tumour Metastasis Inhibitor A) has concluded the clinical phase I \[[@B39-molecules-23-01471]\] and entered, in combination with gemcitabine (2′,2′-difluoro deoxycytidine), in phase I/II \[[@B40-molecules-23-01471]\]. However, this study is currently suspended due to the toxicity profile and the unclear efficiency of the combination of these drugs \[[@B31-molecules-23-01471],[@B40-molecules-23-01471],[@B41-molecules-23-01471]\]. Other promising Ru(III) compounds are the indazolium *trans*-\[tetrachloridobis(1*H*-indazole)ruthenate(III)\] (KP1019 or FFC14A) and its analogue sodium *trans*-\[tetrachloridobis(1*H*-indazole)ruthenate(III)\] (NKP-1339 or IT-139). Both compounds have completed the clinical phase I \[[@B42-molecules-23-01471],[@B43-molecules-23-01471],[@B44-molecules-23-01471]\] but, since NKP-1339 presents higher solubility in water than KP1019, the clinical trials have proceeded only with the former, which is water-soluble \[[@B44-molecules-23-01471],[@B45-molecules-23-01471],[@B46-molecules-23-01471]\]. Also, the incorporation of ruthenium complexes to form multinuclear and supramolecular structures has also been successfully tested on several platforms such as polymers (e.g., polymeric micelles \[[@B47-molecules-23-01471]\]), lipid-based systems \[[@B48-molecules-23-01471],[@B49-molecules-23-01471],[@B50-molecules-23-01471],[@B51-molecules-23-01471]\], and polymer-peptide conjugates \[[@B52-molecules-23-01471]\] with the aim of improving the chemotherapeutic action of these potential drugs.

Among the organoruthenium(II) compounds, the half-sandwich organometallic ruthenium compounds with η^6^-arene \[[@B53-molecules-23-01471]\] or η^5^-cyclopentadienyl \[[@B54-molecules-23-01471],[@B55-molecules-23-01471],[@B56-molecules-23-01471]\] exhibited attracting pharmacological properties to be applied in cancer therapy. In these cases, the aromatic ligand present in the structure of the half sandwich compounds allows the stability and protection of the metal Ru(II) \[[@B57-molecules-23-01471],[@B58-molecules-23-01471]\].

Dendrimers constitute a class of synthetic polymeric macromolecules that possess a hyperbranched structure at the nanosize scale, low polydispersity, and a multifunctional surface \[[@B59-molecules-23-01471]\]. These nanoparticles may be good drug carriers due to the possibility of encapsulating drugs in their interior and/or covalently link them at their surface terminal groups \[[@B59-molecules-23-01471],[@B60-molecules-23-01471],[@B61-molecules-23-01471],[@B62-molecules-23-01471]\]. Besides the potential for carrying multiple drugs and high drug loads, the dendritic multivalency provides increasing interaction with receptors of the therapeutic target \[[@B60-molecules-23-01471]\]. Also, the nanoscale size of the dendrimers allows their selective accumulation in the tumors by the "enhanced permeability and retention" (EPR) effect \[[@B61-molecules-23-01471],[@B63-molecules-23-01471]\].

The incorporation of metal complexes in dendritic scaffolds, thus originating metallodendrimers, can increase the activity and selectivity of drugs based on transition metals \[[@B64-molecules-23-01471]\]. Indeed, metallodendrimers can combine the anticancer potential of metal complexes with the features of the dendrimers as nanocarriers, and were described as having promising cytotoxicity against different cancer cell lines \[[@B65-molecules-23-01471],[@B66-molecules-23-01471],[@B67-molecules-23-01471],[@B68-molecules-23-01471],[@B69-molecules-23-01471],[@B70-molecules-23-01471],[@B71-molecules-23-01471],[@B72-molecules-23-01471],[@B73-molecules-23-01471],[@B74-molecules-23-01471],[@B75-molecules-23-01471],[@B76-molecules-23-01471],[@B77-molecules-23-01471],[@B78-molecules-23-01471],[@B79-molecules-23-01471]\].

In the present work, we started by preparing and characterizing low-generation ruthenium(II) metallodendrimers based on poly(alkylidenimine) dendritic scaffolds peripherally functionalized with the nitrile group and the fragment \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^. Then, the cytotoxicity of the organometallic compound \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] (abbreviated by RuCp), the core dendrimers, and the prepared tetrakis-ruthenium dendrimers were tested against five human cancer cell lines: a colorectal adenocarcinoma cell line (Caco-2), an osteosarcoma cell line (CAL-72), a breast adenocarcinoma cell line (MCF-7), and two ovarian carcinoma cell lines (A2780 and A2780*cis*R, the last one resistant to cisplatin), and in healthy human mesenchymal stem cells (hMSCs). In fact, hMSCs are more and more being proposed as a promising target for anticancer drug delivery since many pieces of evidence are arising pointing out their role in tumor development \[[@B80-molecules-23-01471],[@B81-molecules-23-01471],[@B82-molecules-23-01471]\]. hMSCs are known to be recruited into tumors where their action is often described in the literature as pro-tumor, or tumor-supporting, including suppression of the immune response, promotion of angiogenesis, inhibition of apoptosis, stimulation of epithelial to mesenchymal transition and tumor metastasis. Results not only showed that the organometallic moiety \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ has an important anticancer activity by itself, but also that its coordination on the periphery of the dendrimers can be used as a successful drug delivery strategy. Furthermore, the present experiments also revealed that both RuCp and the developed dendrimers functionalized with \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ fragments presented remarkable toxicity towards cancer cells resistant to cisplatin which is considered a standard in anticancer therapy.

2. Results and Discussion {#sec2-molecules-23-01471}
=========================

2.1. Synthesis and Characterization of \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ Functionalized Poly(alkylidenimine) Dendrimers {#sec2dot1-molecules-23-01471}
-------------------------------------------------------------------------------------------------------------------------

Two low generation poly(alkylidenimine) dendrimer cores having nitrile groups at their periphery and distinct in size and flexibility ([Scheme 1](#molecules-23-01471-sch001){ref-type="scheme"}, dendrimers **1** and **2**) were used to prepare two different \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ functionalized poly(alkylidenimine) dendrimers ([Scheme 1](#molecules-23-01471-sch001){ref-type="scheme"}, metallodendrimers **3** and **4**). The synthesis followed a methodology previously developed by our group \[[@B83-molecules-23-01471]\]. However, because the use of thallium compounds may result in unwanted cytotoxicity, thus hampering the results, in the current work, the prepared compounds were synthesized using a slight modification of the original procedure. AgCF~3~SO~3~ was used as chloride abstractor instead of TlPF~6~. As such, the reaction of a methanolic solution of \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] and AgCF~3~SO~3~ with the nitrile functionalized poly(alkylidenimine) dendrimers **1** or **2**, at room temperature, afforded the metallodendrimers **3** or **4**, respectively ([Scheme 1](#molecules-23-01471-sch001){ref-type="scheme"}). These metallodendrimers were isolated as green powders and were characterized by NMR (^1^H, ^31^P, and ^19^F) and infrared (FTIR) spectroscopy, mass spectrometry (MS) and elemental analysis (EA).

As is evident in the ^1^H-NMR spectra of both tetranuclear metallodendrimers **3** and **4** ([Figure 1](#molecules-23-01471-f001){ref-type="fig"} and [Figure 2](#molecules-23-01471-f002){ref-type="fig"}, respectively), the presence of only one singlet at 4.48 and 4.44 ppm, respectively, that can be assigned to the protons of the cyclopentadienyl ligand, indicates that the four ruthenium fragments were equivalently coordinated with each dendritic core.

The formation of these compounds was also sustained by the ^31^P-NMR studies ([Supplementary Material, Figures S1 and S5](#app1-molecules-23-01471){ref-type="app"}) that display a singlet at 41.89 and 41.60 ppm, coming from the resonance of the phosphorus atoms of phosphine ligands, in the spectrum of metallodendrimer **3** and **4**, respectively. The metallodendrimers **3** and **4** presented moderate stability in organic solvents, which was even lower in halogenated solvents, being impossible to obtain ^13^C-NMR spectra for these compounds. The ^19^F-NMR spectra of metallodendrimers **3** and **4** ([Supplementary Material, Figures S2 and S6](#app1-molecules-23-01471){ref-type="app"}) revealed, respectively, a singlet at −81.78 and at −81.95 ppm that was attributed to the fluorine atoms of the \[C*F*~3~SO~3~\]^−^ counterions.

The FTIR analysis for both metallodendrimers (**3** and **4**) show, outside the fingerprint zone, similar spectra ([Supplementary Material, Figures S3 and S7](#app1-molecules-23-01471){ref-type="app"}). The presence of a single nitrile peak shifted to higher wavelengths relative to the position in the free ligand is a clear sign of the formation of the desired compound. Furthermore, the absence of the free v(CN) in the FTIR spectra supports the complete coordination of all nitrile groups present in the dendritic termini. In terms of values, the nitrile stretching band in compound **3** arises at 2271 cm^−1^ while in compound **4** it arises at 2269 cm^−1^. The vibration bands of the \[C*F*~3~SO~3~\]^−^ counter ion appear in the FTIR spectra around 1274 cm^−1^ and 700 cm^−1^ for metallodendrimer **3**, and ca. 1286 and 697 cm^−1^ for metallodendrimer **4**.

The analysis of the mass spectrum of metallodendrimer **3** ([Supplementary Material, Figure S4](#app1-molecules-23-01471){ref-type="app"}) shows that the standard fragmentation is consistent with the loss of two counter ions, *m*/*z* = 1694.5096 \[M-2CF~3~SO~3~\]^2+^, and three counter ions, *m*/*z* = 1081.0131 \[M-3CF~3~SO~3~\]^3+^, revealing the presence of the desired metallodendrimer. Similar conclusions can be taken from the mass spectrum of metallodendrimer **4** ([Supplementary Material, Figure S8](#app1-molecules-23-01471){ref-type="app"}) that exhibited the expected isotopic distribution for \[M-2CF~3~SO~3~\]^2+^ (*m*/*z* = 1810.9692), and \[M-3CF~3~SO~3~\]^3+^ (*m*/*z* = 1157.9568).

Finally, the results of the elemental analysis confirmed the integrity of the structure of the prepared metallodendrimers **3** and **4** since the calculated theoretical values showed good agreement with those obtained experimentally (data shown in the [Section 3](#sec3-molecules-23-01471){ref-type="sec"}).

2.2. Biological Activity Assays {#sec2dot2-molecules-23-01471}
-------------------------------

The 3-(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium bromide (MTT) assay was used to explore the in vitro cytotoxic potential of the metallodendrimers **3** and **4**. This assay is based on the principle that only cells that are alive are metabolically active, that is, can reduce MTT. For this purpose and in order to cover a broad spectra of cancer types, the response of five human tumor cell lines were investigated, namely a colorectal adenocarcinoma cell line (Caco-2), an osteosarcoma cell line (CAL-72), a breast adenocarcinoma cell line (MCF-7) and two ovarian carcinoma cell lines (A2780 and A2780*cis*R). The cytotoxic effect of the prepared compounds was also evaluated in primary human mesenchymal stem cells (hMSCs). For comparison, the cytotoxicity profile of dendrimers **1** and **2**, \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] (abbreviated as RuCp), and PPh~3~ were also investigated using the same cell types. Since we also wanted to compare the anticancer potential of metallodendrimers **3** and **4** with that of cisplatin (abbreviated as *cis*Pt), the cytotoxic effect of *cis*Pt was evaluated in A2780 (a cancer cell line sensitive to *cis*Pt) and A2780*cis*R (a cancer cell line resistant to *cis*Pt) cells. In all these assays, the used concentration range for the tested compounds was 0.05 to 50 µM. For RuCp and metallodendrimers **3** and **4**, the concentrations ≥25 µM are only indicative due to solubility issues. The metabolic activity as a function of compound concentration are shown for all compounds in the [Supplementary Material (Figures S10 and S11)](#app1-molecules-23-01471){ref-type="app"}. [Figure 3](#molecules-23-01471-f003){ref-type="fig"} highlights the data for A2780 and A2780*cis*R cells, as well as for hMSCs.

From [Figure S11](#app1-molecules-23-01471){ref-type="app"}, it is clear that dendrimer **1** and dendrimer **2** present low cytotoxicity in the range of concentrations studied for all the cancer cell lines. When their concentration is increased, the cellular metabolic activity values remain quite constant. On the contrary, RuCp and metallodendrimers **3** and **4** showed high cytotoxicity which, as expected, generally increased with increasing compound concentration and was cell type-dependent ([Figure 3](#molecules-23-01471-f003){ref-type="fig"} and [Figure S10](#app1-molecules-23-01471){ref-type="app"}).

The concentration required to obtain 50% of cell growth inhibition in vitro (IC~50~ value) was determined for these compounds, and as well as for *cis*Pt (when applicable). These results are summarized in [Table 1](#molecules-23-01471-t001){ref-type="table"}.

Among all cancer cell types studied, the Caco-2 cells were the less sensitive, showing IC~50~ values of 14.7, 3.4 and 3.2 µM for RuCp, metallodendrimer **3** and **4**, respectively. The most sensitive cancer cells were the A2780 cells with IC~50~ values of 0.3, 0.1 and 0.2 µM for RuCp, metallodendrimer **3** and **4**, respectively. The hMSCs that are non-cancer cells were highly sensitive to all ruthenium compounds, and to *cis*Pt also, presenting IC~50~ values lower than the lowest concentration tested (0.05 µM). Interestingly, although these cells seem to be very sensitive to low concentrations of the metallodrugs, an increase in drug concentration above 0.05 µM does not always imply a concomitant decrease in cell viability. This was especially evident for metallodendrimer **4** and *cis*Pt. Likely, either the cellular internalization of these compounds is limited to low concentration values (of the order of magnitude of 0.05 µM) or these cells have internal mechanisms capable of excreting them. Although the role of hMSCs in tumor development is still not well understood and may even involve opposing effects \[[@B86-molecules-23-01471],[@B87-molecules-23-01471],[@B88-molecules-23-01471]\], most of the literature in this subject indicate that they are attracted to cancer sites where they have an overall positive action in tumor progression and metastasis. In some cases, hMSCs even counter-act against anticancer chemotherapeutics \[[@B89-molecules-23-01471]\]. Thus, it is very important to assess the effect of anticancer drugs in these cells. Our results show that RuCp, metallodendrimer **3** and **4** are not only cytotoxic for cancer cell lines, but also for hMSCs, which should contribute to their overall efficiency in anticancer therapeutics.

A significant problem in cancer therapy is the occurrence of drug resistance that requires a continuous search for new therapeutics. All three ruthenium compounds under study presented an anticancer activity towards A2780 cells about one order of magnitude lower than *cis*Pt (IC~50~ = 1.1 µM) that is a drug already under use in the clinic scenario. Importantly, they were also remarkably active against A2780*cis*R cells---the anticancer activity was more than 22 and 166 times higher than *cis*Pt, respectively, for RuCp and both metallodendrimers. For the Caco-2 and MCF-7 cancer cell lines, the anticancer behaviour of the prepared metallodendrimers **3** and **4** was ca. 3 times better than *cis*Pt. Thus, RuCp, metallodendrimers **3** and **4** could be good candidates for the therapy of *cis*Pt resistant tumors. As far as we know and despite being a compound widely used in organometallic chemistry as a starting material for different applications, including metallodrugs \[[@B55-molecules-23-01471],[@B56-molecules-23-01471],[@B57-molecules-23-01471],[@B59-molecules-23-01471]\], the anticancer activity of RuCp was never reported in the literature and particularly referred as an active compound against tumors resistant to *cis*Pt.

The IC~50~ values of RuCp were always higher than those of metallodendrimers that possess four coordinated \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ organometallic fragments. Possibly, for the metallodendrimers, the mechanism of drug cytotoxicity involves the release (de-coordination) of ruthenium containing fragments from the organic cores. Therefore, the organic dendrimer core serves as a vehicle for the cellular delivery of several \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ "toxic" fragments. Furthermore, we previously showed by ^31^P NMR spectroscopy that these metallodendrimers could suffer a degradation process at 37 °C \[[@B90-molecules-23-01471]\]. Since the organic cores and PPh~3~ did not show relevant toxicity by themselves ([Supplementary Material, Figure S11](#app1-molecules-23-01471){ref-type="app"}), \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ should certainly be among the metallodendrimer degradation products. Also, the de-coordination of PPh~3~ was not supported by NMR studies.

An additional observation of the present work was that the difference in the structure of the core (dendrimer **2** is more extensive and flexible than dendrimer **1**) had no especial impact over the cytotoxic behavior of the metallodendrimers which were both strongly cytotoxic.

Despite the usual differences between reported experimental conditions, the metallodendrimers **3** and **4** present IC~50~ values lower than other metallodendrimers reported in the literature, including high generation metallodendrimers (see some examples in [Appendix A](#app2-molecules-23-01471){ref-type="app"}, [Figure A1](#molecules-23-01471-f0A1){ref-type="fig"}). For instance, by comparison with the fourth-generation of the chelating *N*,*O*-ruthenium(II)-arene-PTA metallodendrimers \[[@B72-molecules-23-01471]\], our compounds were found to be 3.7 to 20 times more active against A2780 and A2780*cis*R cells. Interesting is also to compare, our IC~50~ values for metallodendrimers **3** and **4** with non-dendrimeric systems containing ruthenium complexes. For example, our simple metallodendrimers **3** and **4**, with four coordinated \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ organometallic fragments, when compared with cyclic peptide--polymer self-assembling nanotubes conjugated to ruthenium(II)-arene complex \[Ru(η^6^-p-cymene)Cl~2~(pta)\] (RAPTA-C, a very active drug against metastases in vivo), were about 74 times more active against A2780 and A2780*cis*R cells \[[@B52-molecules-23-01471]\]. They were also 65 times more cytotoxic than NAMI-A block copolymer micelles against the A2780 cancer cell line \[[@B47-molecules-23-01471]\]. Even with the necessary reservations, the in vitro results obtained for metallodendrimers **3** and **4**, with the \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ organometallic fragment, compared with the published metallodendrimers or other multinuclear and supramolecular structures involving ruthenium-complexes, seem to be very promising and worthy of further study.

3. Materials and Methods {#sec3-molecules-23-01471}
========================

3.1. General Remarks {#sec3dot1-molecules-23-01471}
--------------------

Unless otherwise noted, chemicals were used as received. The solvents diethyl ether (VWR), and dichloromethane (HPLC grade, Fisher Scientific, Hampton, NH, USA,) were distilled from sodium/benzophenone ketyl and calcium hydride (ACROS/Thermo Fisher Scientific, Waltham, MA USA), respectively, under a nitrogen atmosphere before use. Absolute methanol (Sigma-Aldrich, St. Louis, MO, USA) and benzene (PanReac, Barcelona, Spain) were degassed before use by bubbling with nitrogen. Dimethylsulfoxide (DMSO) for biological assays and AgCF~3~SO~3~ were purchased from VWR (Radnor, PA, USA) and ACROS, respectively. Deuterated solvents (CDCl~3~, DMSO-D~6~, D~2~O) were purchased from EURISO-TOP (Saint-Aubin, France).

All reactions and manipulations involved in the preparation of the dendrimers \[N≡C(CH~2~)~2~\]~2~N(CH~2~)~6~N\[(CH~2~)~2~C≡N\]~2~ (**1**) and \[N≡C(CH~2~)~2~O(CH~2~)~3~\]~2~N(CH~2~)~6~N\[(CH~2~)~3~O(CH~2~)~2~C≡N\]~2~ (**2**), and the metallodendrimers **3** and **4** were executed under a dry nitrogen atmosphere by applying standard Schlenk-tube techniques. The starting materials \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] \[[@B91-molecules-23-01471]\] and the dendrimers **1** and **2** were prepared by following published methods \[[@B83-molecules-23-01471]\].

3.2. Physical Measurements {#sec3dot2-molecules-23-01471}
--------------------------

^1^H (400 MHz), ^13^C{1H} (100 MHz), ^31^P{1H} (161 MHz) and ^19^F{1H} (376 MHz) NMR spectra were recorded on an Avance II^+^ 400 spectrometer (Bruker, Wissembourg, France) at 299 K (probe temperature). The chemical shifts are reported in parts per million (δ, ppm) and referenced to residual solvent peaks for ^1^H (CDCl~3~: δ = 7.26 ppm). The ^31^P- and ^19^F-NMR were referenced to the external aqueous solution of 85% H~3~PO~4~ and KF at 0.5 M, respectively in CDCl~3~ (or in a mixture of DMSO-D~6~/D~2~O for PPh~3~ spectra---see [Supplementary Material, Figure S9](#app1-molecules-23-01471){ref-type="app"}). The IR spectra were measured on an Avatar 360 FTIR (Nicolet, Thermo Scientific, Waltham, MA, USA) in KBr pellets; only significant bands are mentioned in the text. The mass spectra (ESI-TOF) were recorded with a Micromass LCT mass spectrometer (Waters, Milford, MA, USA). Elemental analyses (C, H, N) were performed in a VariolEL instrument from Elementar Analysensysteme (Langenselbold, Germany). In the processing of the elemental analysis results of compound **3** and **4**, the theoretical values were calculated taking into account the addition of dichloromethane molecules since their presence is observed in the ^1^H-NMR spectra of both compounds. This situation arises from the inclusion of solvent molecules and/or inorganic salts in the dendritic structures during the isolation of the compound by precipitation.

3.3. Synthesis {#sec3dot3-molecules-23-01471}
--------------

### 3.3.1. Synthesis of \[{(η^5^-C~5~H~5~)(PPh~3~)~2~Ru}~4~(1)\]\[CF~3~SO~3~\]~4~ (**3**) {#sec3dot3dot1-molecules-23-01471}

The compound was prepared by reaction of \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] (0.32 g, 0.44 mmol) with compound **1** (0.04 g, 0.11 mmol) and AgCF~3~SO~3~ (0.15 g, 0.58 mmol) in methanol (59 mL). The yellow-green suspension was stirred for 76 h at room temperature and protected from light. After the reaction, the resulting brown suspension was filtered, and the solid was extracted with dichloromethane. Then, the addition of diethyl ether to the resulting solution afford the precipitation of the desired compound. The solvent was removed, and the product was washed several times with diethyl ether and dried in under vacuum, resulting in a pale green powder. Yield: 0.14 g (35%). ^1^H-NMR (CDCl~3~): δ = 7.40--6.90 (m, 24H + 48H+ 48H, P*Ph*~3~), 4.48 (s, 20 H, C~5~*H*~5~), 2.66 (br., 8H), 2.45 (br., 8H), 2.24 (br., 4H), 1.18 (br, 8H) ppm. ^31^P-NMR (CDCl~3~): δ = 41.89 (s, *P*Ph~3~) ppm. ^19^F-NMR (CDCl~3~): δ = −81.78 ppm. FTIR (KBr): ῦ = 2271 (ν~CN~) and 1274 (ν~CF3SO3~) cm^−1^. TOF-MS(ESI+): *m*/*z* = 1694.5096 \[M-2CF~3~SO~3~\]^2+^, 1081.0131\[M-3CF~3~SO~3~\]^3+^. EA(%): C~186~H~168~F~12~N~6~O~12~P~8~Ru~4~S~4~^.^1.3CH~2~Cl~2~ (3715.98): calcd. C 59.23, H 4.53, N 2.21; found C 59.21, H 4.54, N 2.20.

### 3.3.2. Synthesis of \[{(η^5^-C~5~H~5~)(PPh~3~)~2~Ru}~4~(2)\]\[CF~3~SO~3~\]~4~ (**4**) {#sec3dot3dot2-molecules-23-01471}

Compound **4** was prepared by reaction of \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] (0.46 g, 0.63 mmol), compound **2** (0.07 g, 0.13 mmol) and AgCF~3~SO~3~ (0.17 g, 0.66 mmol) in methanol (42 mL). The resulting brown suspension was stirred for 66 h at room temperature under protection from light. The reaction mixture was filtered and dried under vacuum. Then, the yellow-brown solid was extracted with dichloromethane, dried and washed with diethyl ether and benzene. The dark green product was dissolved in dichloromethane, and the resulting solution was filtered and then concentrated under reduced pressure. The addition of diethyl ether to the previous solution originated the formation of dark green oil. This oil was isolated by removing the solvent and then washed with diethyl ether giving a bright green powder. Yield: 0.13 g (25%). ^1^H-NMR (CDCl~3~): δ = 7.50--7.00 (m, 24H + 48H + 48H, P*Ph*~3~), 4.44 (s, 20H, C~5~*H*~5~), 3.31 (br., 8H + 8H), 3.10 (br., 8H), 2.98 (br., 4H), 2.90 (br, 8H), 1.85 (br., 8H), 1.30 (br., 4H) ppm. ^31^P-NMR (CDCl~3~): δ = 41.60 (s, *P*Ph~3~) ppm. ^19^F-NMR (CDCl~3~): δ= −81.95 ppm. FTIR (KBr): ῦ = 2269 (νCN), 1286 and 697 (νCF~3~SO~3~) cm^−1^. TOF-MS(ESI+): *m*/*z* = 1810.9692 \[M-~2~CF~3~SO~3~\]^2+^ and 1157.9568 \[M-3CF~3~SO~3~\]^3+^. ES(%): C~198~H~192~F~12~N~6~O~16~P~8~Ru~4~S~4~^.^3CH~2~Cl~2~ (4174.8): calcd. C 57.83, H 4.78, N 2.01; found C 57.79, H 4.79, N 2.04.

3.4. Cytotoxicity Studies {#sec3dot4-molecules-23-01471}
-------------------------

### 3.4.1. Cell Culture {#sec3dot4dot1-molecules-23-01471}

The human cell lines Caco-2, CAL-72, and MCF-7 were purchased from German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), whereas A2780 and A2780*cis*R human cell lines were obtained from European Collection of Cell Cultures (ECACC, Salisbury, UK). The hMSCs were obtained from patient trabecular bone samples collected during surgical interventions performed after traumatic events (the only bone that would have been discarded was used). For this, the approval of the Ethics Committee of Dr. Nélio Mendonça Hospital (Funchal, Madeira main hospital) was obtained.

Caco-2 cells were grown in MEM medium supplemented with 20% (*v*/*v*) fetal bovine serum (FBS), 1% (*v*/*v*) nonessential amino acids (NEAA, from 100× ready-to-use stock solution) and 1% (*v*/*v*) antibiotic-antimycotic (AA, from 100× solution). CAL-72 cells were grown in DMEM medium enriched with 10% (*v*/*v*) FBS, 1% (*v*/*v*) insulin-transferrin-sodium selenite (ITS, from 100× solution), 2 mM L-glutamine and 1% antibiotic-antimycotic (AA, from 100× solution). MCF-7 cells were grown in RPMI 1640 medium supplemented with 20% (*v*/*v*) FBS, 1% (*v*/*v*) nonessential amino acids (NEAA, from 100× solution), 1 mM sodium pyruvate, 3.3 µg/mL human insulin and 1% (*v*/*v*) antibiotic-antimycotic (AA, from 100× solution). A2780 and A2780*cis*R were grown in RPMI 1640 medium supplemented with 10% (*v*/*v*) FBS, 2 mM L-glutamine and 1% (*v*/*v*) antibiotic-antimycotic (AA, from 100× solution). The hMSCs were grown in α-MEM medium supplemented with 10% (*v*/*v*) FBS and 1% (*v*/*v*) antibiotic-antimycotic (AA, from 100× solution). All cells were maintained at 37 °C in an incubator under a humidified atmosphere containing 5% CO~2~.

### 3.4.2. Cell Viability Evaluation {#sec3dot4dot2-molecules-23-01471}

The cell viability was indirectly determined by the MTT assay, which measures the mitochondrial dehydrogenase activity as an indication of cell survival.

Cells were counted using a hemocytometer and were seeded in 96-well plates by the addition of 100 µL of cell solution per well at the following cellular densities: 2 × 10^3^ (Caco-2 and CAL-72), 4.2 × 10^3^ (MCF-7), 5 × 10^3^ (A2780 and A2780*cis*R) and 4.8 × 10^3^ (hMSCs). The tested compounds were prepared in a stock solution of DMSO and serially diluted, in the same solvent, to different concentrations. Then, the resulting solutions were diluted in complete culture medium to the desired concentrations with a final DMSO concentration of 0.5% (*v*/*v*).

After 24 h of preincubation of the cells plates at 37 °C and 5% CO~2~, the medium was aspirated, and 100 µL/well of complete medium containing the compound under test was added to the cells. Control experiments were done with cells cultured in complete culture medium with 0.5% (*v*/*v*) of DMSO. All tested conditions were accomplished in replicates of eight. All these culture plates were incubated for 72 h at 37 °C and 5% CO~2~. After this period, the culture medium was aspirated and 100 µL of culture medium solution with 10% (*v*/*v*) of MTT solution (5 mg/mL) was added to each well. Then, after 3 to 4 h of incubation of the plates with MTT, the culture medium was aspirated, and DMSO was added to dissolve the formed purple formazan crystals. The absorbance reading was performed at 550 nm in a microplate reader (Victor3 1420, Perkin Elmer, Waltham, MA, USA) and the cell viability was determined. The concentration that inhibited 50% of the cellular metabolic activity (IC~50~) was calculated by linear interpolation between the two experimental points closer to the point correspondent to 50% of the cellular metabolic activity shown by the control.

4. Conclusions {#sec4-molecules-23-01471}
==============

In summary, low-generation ruthenium (II) metallodendrimers based on two nitrile poly(alkylidenimine) dendritic scaffolds (differing in size and flexibility) and containing at the periphery the organometallic fragment \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ were synthesized and characterized. The core dendrimers **1** and **2** presented low cytotoxicity on all the cancer cell lines studied. Opposite behavior was observed for the prepared metallodendrimers and compound \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\] that revealed, a high anticancer activity towards different cancer cell lines (Caco-2, CAL-72, and MCF-7) and a high inhibitory effect on the viability of hMSCs in vitro (cells that are believed to be implicated in tumor progression). The latter compounds also presented high activity against cell lines resistant to *cis*Pt (A2780*cis*R), with its anticancer activity being 22 and 166 times more higher than *cis*Pt, respectively, for RuCp and both metallodendrimers, tackling an important and real problem in the context of anticancer therapy. Also, the IC~50~ values of the prepared dendrimers are lower than other metallodendrimers reported in the literature, and 3.7 to 20 times more active against A2780 and A2780*cis*R cells.

With this work and to the best of our knowledge for the first time, we present evidences of the potential of an old organometallic complex, the \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~Cl\], as an anticancer drug, but also that the toxic fragment \[Ru(η^5^-C~5~H~5~)(PPh~3~)~2~\]^+^ could be delivered into cells using nitrile poly(alkylidenimine) dendritic scaffolds. We hypothesize that the delivery of these "new" drugs directly in the tumor site (local delivery) or, in the alternative, their association with nanomaterials for targeted and controlled delivery into tumors \[[@B92-molecules-23-01471],[@B93-molecules-23-01471]\], would be the right strategy for their use in cancer therapy. Indeed, the high toxicity of these compounds towards different cancer cells and hMSCs can potentially be exploited but like happens with other anticancer drugs, undesired off-target effects must be avoided. Currently, we are focused on the design of nanocarriers dendrimers based on the targeted delivery of RuCp, as well as on the study of the possible mechanisms underlying their anticancer activity and pharmacokinetic behavior.
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![Synthesis of the tetrakis-ruthenium dendrimers **3** and **4**.](molecules-23-01471-sch001){#molecules-23-01471-sch001}

![^1^H-NMR spectrum of \[{(η^5^-C~5~H~5~)(PPh~3~)~2~Ru}~4~(**1**)\]\[CF~3~SO~3~\]~4~ (**3**), in CDCl~3~.](molecules-23-01471-g001){#molecules-23-01471-f001}

![^1^H-NMR spectrum of \[{(η^5^-C~5~H~5~)(PPh~3~)~2~Ru}~4~(**2**)\]\[CF~3~SO~3~\]~4~ (**4**), in CDCl~3~.](molecules-23-01471-g002){#molecules-23-01471-f002}

![Effect of increasing concentrations of RuCp, metallodendrimers **3** and **4**, and *cis*Pt on the cellular metabolic activity (an indirect measure of cell viability) of (**a**) A2780 and (**b**) A2780*cis*R tumor cell lines, and on (**c**) hMSCs. The dashed line corresponds to 50% of cellular metabolic activity compared to the control. Values are presented as a mean ± standard deviation.](molecules-23-01471-g003){#molecules-23-01471-f003}

molecules-23-01471-t001_Table 1

###### 

IC~50~ values (in µM) of RuCp, metallodendrimers **3** and **4**, and *cis*Pt observed for Caco-2, CAL 72, MCF-7, A2780 and A2780*cis*R cancer cells, as well as for hMSCs, after 72 h of exposition to the compounds.

  -------------------------------------------------------------------------------------------------------------------------------
                           Cell Type\                                                                                    
                           (IC~50~ Values in µM)^1^                                                                      
  ------------------------ ----------------------------------- -------- ----------------------------------- ----- ------ --------
  RuCp                     14.7                                2.4      4.4                                 0.3   2.3    \<0.05

  Metallodendrimer **3**   3.4                                 0.6      2.5                                 0.1   0.3    \<0.05

  Metallodendrimer **4**   3.2                                 1.4      3.0                                 0.2   0.3    \<0.05

  *cis*Pt                  8.9 \[[@B84-molecules-23-01471]\]   \- ^2^   7.6 \[[@B85-molecules-23-01471]\]   1.1   \>50   \<0.05
  -------------------------------------------------------------------------------------------------------------------------------

^1^ The IC~50~ values were determined by linear interpolation between the two nearest neighbour experimental points. The standard deviation was always less than 10% of the IC~50~ value. ^2^ Not reported in the literature.
